Abstract. The integrity of nuclear fuel pins is assured by following a comprehensive quality control plan that is carefully made based on the inputs from the designers, fuel fabricators and utilities. It plays an important role in the safe and efficient operation of nuclear reactors. The fuel pellets are encapsulated in thin clad tubes after a series of quality control /process control checks and the welded fuel pins are subjected to a number of advanced non-destructive characterization techniques to assure the integrity of the fuel pins and to characterize the fuel materials inside the fuel pins.
1.Introduction
During the operation of nuclear reactors, a number of structural changes occur in the fuel and the clad material. In fast reactors, the neutron flux is two times higher compared to that in thermal reactors. The higher neutron flux causes material problems like void swelling, irradiation creep, helium embrittlement. Uranium-Plutonium mixed oxide (MOX) fuel, commonly used as driver fuel in Sodium Cooled Fast Reactors (SCFRs) is not compatible with liquid sodium. The main factors which play a role in fuel pin failures are fuel restructuring, fuel swelling leading to pellet clad mechanical interaction (PCMI), chemical interaction due to fuel redistribution and changes in the mechanical properties of the clad tubes [1, 2] . The internal pressure of the fuel pin in commercial fast reactors increases due to higher release of fission gases , swelling of the fuel pellets and PCMI caused by higher burn-up .The increased neutron fluence will also result in void swelling and irradiation creep of the clad tube. Because of these reasons, the structural integrity of the fuel pin is of paramount importance from the point of view of safe and efficient operation of the reactors.
Bhabha Atomic Research Centre (BARC) has fabricated Plutonium-Uranium mixed carbide (MC) fuel for Fast Breeder Test Reactor (FBTR) operating at Kalpakkam , near Chennai and Uranium-Plutonium mixed oxide (MOX) fuel for Prototype Fast Breeder Reactor (PFBR) coming up at the same site. During the manufacture of the fuel for both these fast reactors in glove boxes (Fig1a), a number of process and quality control techniques, both destructive and non-destructive have been developed for use at different stages of fabrication to assure the integrity of the fuel pins. An attempt has been made in this paper to bring out the factors affecting the structural integrity of the fuel pins, nondestructive characterization techniques developed and employed during the manufacture of the fuel and presents our experience. 
2.Manufacture of fuel
Importance is given to the choice of starting materials for the hardware 
Fuel
Uranium -Plutonium mixed oxide (MOX), enriched Uranium dioxide and PlutoniumUranium mixedcarbide (MC) are being used as fuel for fast reactors. Since MOX is the most commonly used fuel for fast reactors, fabrication of MOX fuel pellets and the quality control procedures followed are presented. The fabrication of the fuel is carried in trains of glove boxes (Fig1a). The fuel pellets are made from Uranium dioxide and Plutonium dioxide by powder metallurgical route consisting of mixing, milling, pre-compaction, granulation, final compaction and sintering at high temperature [3, 4] . The main steps of fabrication of MOX fuel for fast reactors is presented in Fig.2 . The flow sheet also indicates the quality control checks including various non-destructive characterization techniques. AFFF has developed the technology of making annular pellets (Fig.3a) . The pressing parameters and tool sizes are optimized to get good quality pellets. Experiments were carried out to optimize the density of the green pellets required for achieving required sintered density. The compacted pellets are sintered in reducing atmosphere at high temperature in N2-7% H2 atmosphere.. a) Annular pellets b) Correlation between radiography, ultrasonic testing and metallography of end plug welds 
Encapsulation
Initially , the bottom end plugs are welded to the clad tubes before bagging them in to the glove box train. Tungsten Inert Gas (TIG) has been used in general for welding of end plugs of fuel pins for fast reactors. During the manufacture of fuel for PFBR at AFFF, technology of laser welding of bottom end plugs was developed and has been used for welding a large number of welds (more than 40000). The inspected pellets and internal hardware components like spring and spring support, bottom end plug welded clad tube with crimped middle plug and top plug are degassed. The degassed pellets (axial blanket DDUO2 pellets and MOX pellets, hardware components) are loaded in to the bottom end plug welded clad tubes and the top end plug is welded by TIG welding. The welded pins are decontaminated and subjected to various quality control checks (Fig 3b) .
Wire Wrapping
The accepted pins are wire wrapped using D9 spacer wire. The wire wrapped pins are subjected to quality control checks. The fuel pins are transported to reactor site in specially designed bird cages approved by BARC Safety Council as per IAEA standards.
Non-destructive Characterization
A quality control plan is made after considering the detailed specifications , sampling plans, the testing techniques available to the quality control personnel , the limitations of the techniques, development of new techniques and training of manpower. The application of new and advanced techniques enhances the confidence and reliability of the quality achieved. The major quality control techniques used at different stages during the manufacture of fuel for fast reactors are described below giving emphasis on nondestructive characterization techniques.
Hardware
The hardware components are subjected to different quality control and process control checks at different stages to meet the specifications ( dimensions, chemical composition, metallurgical and mechanical properties). The components are inspected using applicable non-destructive evaluation techniques like visual, penetrant, ultrasonic, eddy current testing and dimensional inspection that they meet all the requirements of quality.
Mixed Powder
Neutron Well Coincidence Counting (NWCC) technique has been used as a non-destructive assay technique for checking the composition of the blended powder at AFFF [5] . Figure 4 shows good correlation between the chemically analysed values of sintered pellets and the composition determined by NWCC in the composition range of 21% to 45% of PuO2.
Sintered pellets
Sample pellets are subjected to chemical analysis for metallic and non-metallic impurities and other chemical characteristics like dissolution tests, total gas and so on to ensure that they do not adversely affect the behaviour during reactor operation. The sintered pellets are checked for outside diameter and physical integrity on a 100% basis. Pellet inspection/sorting machines are being used for inspecting millions of pellets of small size required for fast reactors [6] . Alpha-autoradiography of sample pellets gives information about the homogeneity and distribution of Pu and presence of PuO2 agglomerates.
End plug welds
The integrity of the end plug welds is crucial from the point of maintaining the structural integrity of the fuel pins in the reactor. Apart from the destructive tests like metallography, a number of non-destructive tests like visual, X-radiography and helium leak testing are carried out to assure that the welds are free from defects like lack of penetration, lack of fusion, wall thinning , Tungsten inclusion and porosity. Use of specially designed shape correction blocks, micro-densitometry and defect standard are used to estimate the defects detectable in radiography. X-ray imaging with flat panel detectors using a micro-focal radiography unit [7] and ultrasonic testing are also being used for inspection of the end plug welds (Fig 3b) [8].
Fuel pins
A number of non-destructive evaluation techniques are used at the final stage for verifying the composition, correct loading of the internal components, chipping of the pellets and and presence of PuO2 agglomerates.
3.4.1 X-radiography X radiography of the fuel pin shows the hardware components , major chipping of the pellets and fuel stack ( DDUO2 and MOX together).
Neutron Radiography
Neutron radiography of fuel pins distinguishes UO2 and MOX stack, solid and annular pellets, composition, chipping and detects PuO2 agglomerates. [9, 10] . However this cannot be used as a routine inspection tool in fuel fabrication facility. It is commonly used for nondestructive characterization of fuel pins before and after irradiation in reactors. [11] .
3.4..3 X-Gamma Autoradiography(XGAR)
MOX/MC fuel pins fabricated are subjected to X-Gamma Autoradiography (XGAR) in Indian Plutonium fuel fabrication facilities to confirm correct loading of pellets and hardware and distinguishes MOX/MC pellets from UO2/UC pellets (Fig.5a ) .
a) X-Gamma autoradiograph b) Passive gamma scan of fuel pin 
Passve Gamma Scanning
Passive Gamma Scanning (PGS) has also been additionally used at AFFF for quantitative determination of composition of the pellets and also the presence and size of PuO2 agglomerates in the annular pellets of PFBR [12, 13] . The sensitivity is improved by using annular Sodium Iodide detector and it is possible to detect change in composition of PuO2 as small as 0.15% absolute as shown in Fig.5b .
Other checks.
The spot welds of wire wrap with the plugs are checked by visual examination and metallography. The fuel pins are subjected to metrology and final visual examination under proper illumination.
Conclusion
An attempt has been made in this paper to bring out the various factors affecting structural integrity of fuel pins for fast reactors and steps taken during the manufacture of fuel pins by fuel manufacturers and quality control managers. A number of new techniques developed for non-destructive characterization of fuel have been presented. The use of additional non-destructive characterization techniques for evaluating the same characteristics carried out on the welded fuel pins increases the confidence of fuel designers, fabricators and quality control personnel about the fuel pins coming out of the fuel manufacturing plant.
